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Oxidative stress in conjunction with glutathione de-
pletion has been linked with various acute and
chronic degenerative disorders, yet the molecular
mechanisms have remained unclear. In contrast to
the belief that oxygen radicals are detrimental to cells
and tissues by unspecific oxidation of essential
biomolecules, we now demonstrate that oxidative
stress is sensed and transduced by glutathione per-
oxidase 4 (GPx4) into a-yet-unrecognized cell-death
pathway. Inducible GPx4 inactivation in mice and
cells revealed 12/15-lipoxygenase-derived lipid per-
oxidation as specific downstream event, triggering
apoptosis-inducing factor (AIF)-mediated cell death.
Cell death could be entirely prevented either by
a-tocopherol (a-Toc), 12/15-lipoxygenase inhibi-
tors, or siRNA-mediated AIF silencing. Accordingly,
12/15-lipoxygenase-deficient cells were highly resis-
tant to glutathione depletion. Neuron-specific GPx4
depletion caused neurodegeneration in vivo and
ex vivo, highlighting the importance of this pathway
in neuronal cells. Since oxidative stress is common
in the etiology of many human disorders, the identi-
fied pathway reveals promising targets for future
therapies.
INTRODUCTION
Accumulation of reactive oxygen species (ROS), also termed
oxidative stress, is a causative factor in the pathogenesis andCell Mpathophysiology of many (age-related) degenerative disorders,
including cancer, cardiovascular diseases, diabetes, stroke,
Alzheimer’s, and Parkinson’s disease (Fridlyand and Philipson,
2005; Lin and Beal, 2006; Madamanchi and Runge, 2007). While
it is well established that oxidative stress causes aberrant cell
death and tissue deterioration, the mechanisms of cell death
have remained unclear. Since specific signaling pathways in
response to oxidative stress have not been identified so far, it
has been widely assumed that oxidative stress triggers apopto-
sis or necrosis by pleiotropic oxidation of essential biomolecules
in the cell.
To control the intracellular redox balance, cells have evolved
a highly complex ROS scavenging network, among which the
glutathione (GSH)-dependent system prevails. GSH contributes
to the maintenance of the intracellular-reducing milieu by at least
two mechanisms—by disulfide-exchange reactions with oxi-
dized proteins and by acting as reducing agent for glutathione
peroxidases. In fact, strongly decreased GSH concentrations
in tissues have been frequently observed in a number of chronic
degenerative diseases, including Parkinson’s and Alzheimer’s
disease, as well as during ischemia-reperfusion injury. However,
no reports on specific downstream targets of GSH depletion are
available, which identify GSH-dependent enzymes as possible
sensors of oxidative-stress conditions.
Glutathione peroxidase 4 (GPx4), one out of seven glutathione
peroxidases in mammals, appears to play a particularly impor-
tant role within the GSH system. GPx4 is ubiquitously expressed
and is the only known GSH-dependent enzyme that is essential
for life (Yant et al., 2003). GPx4 is the only glutathione peroxidase
that accepts phospholipid hydroperoxides in membranes as
oxidizing substrate (Roveri et al., 1994; Thomas et al., 1990),
and under conditions of GSH deprivation, protein-thiol groups
as reducing substrate (Conrad et al., 2005; Mauri et al., 2003).
Owing to its broad substrate specificity, GPx4 is assumed toetabolism 8, 237–248, September 3, 2008 ª2008 Elsevier Inc. 237
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Conditional GPx4-Knockout MiceFigure 1. Conditional Gene Targeting of GPx4 in Mice
(A) Strategy for conditional disruption of the GPx4 gene. The wild-type GPx4 gene is shown in the upper line. The Sec codon UGA is indicated by an asterisk. For
conditional gene targeting, the last three exons were flanked by loxP sites (triangles). Homologous recombination, subsequent Flp-mediated removal of the frt
(filled half moons)-flanked neo, and Cre-mediated deletion of the 30 region of the GPx4 gene is outlined below. Underneath, the expected DNA fragments from
characteristic restriction digests (HindIII, BamHI, and XbaI) detected with the corresponding 30 pMC50 (light gray rectangle) and internal (dark gray rectangle)
probes are depicted schematically. For negative selection, the thymidine kinase gene (TK) is located downstream from the 30 arm.
(B) Homologous recombination in ES cell clones was confirmed by Southern blotting of HindIII-digested DNA hybridized with the 30 probe.
(C) Genotyping of mice harboring wild-type (wt) and loxP flanked (floxed, fl) alleles.
(D) Confirmation of Cre-mediated deletion of the floxed (fl) allele (knockout, ko) as shown by Southern blotting of DNA digested with BamHI and XbaI and detected
by an internal probe.238 Cell Metabolism 8, 237–248, September 3, 2008 ª2008 Elsevier Inc.
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Conditional GPx4-Knockout Miceplay a regulatory role in arachidonic acid (AA) and linoleic acid
(LA) metabolism (Chen et al., 2003; Imai et al., 1998; Schnurr
et al., 1996). The fact that GPx4-deficient mice die at the same
developmental stage as mice lacking the GSH-synthesizing
enzyme g-glutamylcysteine synthetase (g-GCS) (Shi et al.,
2000) supports our hypothesis that GPx4 is the limiting GSH-
dependent enzyme.
To challenge a putative role for GPx4 in regulating cell death
induced by oxidative stress, we sought to generate mice and
cells devoid of GPx4. GPx4 inactivation (like GSH depletion)
allowed us to unravel an intrinsic proapoptotic cascade, linking
oxidative stress, GPx4, AA metabolism, lipid peroxidation, and
apoptosis-inducing factor (AIF)-mediated cell death. The identi-
fication of this redox-regulated cell-death signaling pathway
opens promising cues for the targeted treatment of complex
degenerative diseases caused by oxidative stress.
RESULTS
GPx4 Depletion Causes Massive Lipid Peroxidation
and Cell Death
The GPx4 gene is composed of eight exons (Figure 1A). The
codon for the catalytically active selenocysteine (Sec) is located
on exon 3. The Sec-insertion sequence (SECIS) element, a cis-
acting element essential for cotranslational incorporation of Sec,
and the polyadenylation signal are encoded by exon 7. Exons 5
to 7 were flanked by loxP sites (Figure 1A). Germline transmission
of the loxP-flanked (floxed, fl) allele and Flp recombinase-medi-
ated removal of the frt-flanked selection marker in vivo (data not
shown) yielded mice harboring a GPx4 allele with one frt and two
loxP sites (Figures 1B–1D). Heterozygous GPx4-knockout mice
were obtained after breeding with Cre-deleter mice (Figure 1D).
No viable GPx4-knockout mice were obtained from intercross
breedings of heterozygous GPx4-knockout mice. Investigations
with litters at different gestational days revealed that GPx4-
knockout mice died at the same embryonic stage (E7.5) as re-
ported for constitutive GPx4 inactivation (see Figure S1 available
online) (Yant et al., 2003), indicating that the deletion of the last
three exons is sufficient to inactivate GPx4.
Since early embryonic lethality of GPx4-knockout mice re-
stricts further in vivo studies on the molecular and cellular mech-
anisms of GPx4, we took advantage of our conditional knockout
mice and established an inducible in vitro knockout system.
Primary mouse embryonic fibroblasts (MEFs) with either one or
two floxed GPx4 alleles were isolated from conditional GPx4-
knockout embryos at E12.5 (Figure S2A). Cells were stably trans-
fected with MERCreMER (MER, mutated-estrogen receptor) or
eGFP as control (Figure S2B). MERCreMER is retained in the
cytosol by forming a complex with heat-shock protein 90. Only
upon addition of 4-hydroxytamoxifen (Tam) to the cell-culture
medium MERCreMER is released from the inhibitory complex
and translocates to the nucleus where Cre-mediated recombina-
tion takes place. As shown in Figure 1E, Cre-mediated excision
of the floxed GPx4 allele resulted in a rapid decline of GPx4 tran-
scripts already 24 hr after Tam treatment and in GPx4 protein
levels after 48 hr (Figure 1F).Cell MCoinciding with GPx4 abolition, massive cell death was evi-
dent in GPx4fl/fl cells (Figures 2A and 2B), whereas GPx4+/fl cells
survived (Figure 2C). When GPx4 depletion was induced in cells
seeded at high cell density, cells survived and grew until conflu-
ency. Subsequent passaging at lower cell density, however,
caused cell death (data not shown). To confirm that cell death
can be solely attributed to GPx4 inactivation, we reconstituted
GPx4 expression by lentiviral transduction (Figure 2E). Lentiviral
transduction, as monitored by VENUS expression, was highly ef-
ficient and ranged between 80% and 100% (data not shown).
Reconstitution of wild-type GPx4 fully rescued GPx4 deletion,
whereas mock-transduced cells died like the parental GPx4/
cell line (Figures 2F and 2G). This finding confirmed that cell
death is caused by GPx4 abolition and not by any potential toxic
side effects, such as Cre activation or Tam.
GPx4 was initially characterized as an antioxidant enzyme;
thus, we asked whether antioxidant supplements may comple-
ment loss of GPx4 in vitro. Various antioxidants—including
N-acetyl-cysteine (NAC), b-mercaptoethanol (2-ME), glutathione
ethylester (GSH-EE), a-lipoic acid, and a-tocopherol (a-Toc), as
well as sodium selenite (Na2SO3)—were added to the cell-
culture medium. Cell survival was determined 48 hr after Tam
treatment (Figures 2D and S3A). Interestingly, only a-Toc fully
complemented GPx4 deficiency, while all water-soluble antioxi-
dants proved to be largely ineffective, indicating that GPx4
mainly acts at the membraneous compartment. This finding fits
very well with the initial discovery of GPx4 as an enzyme protect-
ing biomembranes from peroxidative degradation (Ursini et al.,
1982). Of note, GPx4/ cells could be cultivated for more than
20 passages in the presence of a-Toc; however, when a-Toc
was omitted from the cell-culture medium, cells invariably died
within 24 hr (data not shown). Thus, only a-Toc efficiently com-
plemented GPx4 deficiency, indicating that lipid peroxidation is
the major trigger for cell-death processes downstream of GPx4
deletion. Since culturing cells at atmospheric O2 concentrations
may impose additional stress to GPx4/ cells, we addressed
whether cultivation at more physiologic O2 levels, such as 5%
and 3% O2, may alleviate the effects of GPx4 disruption.
GPx4/ cells died at low O2 concentrations in the same manner
as under atmospheric O2 concentrations (Figure S3B), indicating
that ROS are generated by an intrinsic mechanism.
To further dissect which type of ROS caused cell death in
GPx4/ cells, we measured lipid peroxidation and soluble
ROS by flow cytometry. Already 24 hr after Tam-induced GPx4
disruption, an increase in lipid peroxidation was detectable,
an effect that could be completely abrogated by a-Toc
(Figure 3A). Lipid peroxidation clearly preceded the accumula-
tion of soluble ROS, as determined by CM-H2DCFDA staining
(Figure 3B), and the onset of cell death as revealed by propidium
iodide (PI) staining (Figure 3C). Thus, lipid peroxidation and not
accumulation of soluble ROS was identified as a very early event
and most likely, the key mediator of cell death in GPx4 null cells.
Next, we studied whether GPx4 disruption may impact
expression of other GPx family members. As illustrated in
Figure S4, we could not detect any changes in the mRNA levels
of GPx1, GPx2, GPx3, GPx5, nor in protein levels of GPx1, the(E) qRT-PCR analysis revealed strong reduction of GPx4 mRNA levels in GPx4fl/fl MEFs already 24 hr after tamoxifen treatment. Error bars represent SD.
(F) Immunoblotting with a monoclonal peptide antibody directed against murine GPx4 shows strongly reduced GPx4 protein levels 48 hr after Tam administration.etabolism 8, 237–248, September 3, 2008 ª2008 Elsevier Inc. 239
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Conditional GPx4-Knockout MiceFigure 2. Disruption of GPx4 Causes Cell Death
(A–C) Cell death was rapidly induced by Tam treatment in GPx4fl/fl, but not in GPx4+/fl control cells.
(D) a-Toc fully rescued GPx4 deficiency.
(E) Western blot analysis of lentivirus-mediated addback of HA-tagged GPx4 in GPx4fl/fl MEFs.
(F and G) HA-tagged GPx4 cDNA, but not empty virus transduction, fully rescued cell death induced by disruption of endogenous GPx4 expression. Error bars
represent SD. Scale bars represent 50 mm.classical and most studied glutathione peroxidase. GPx6 and
GPx7 transcripts were not detectable in GPx4/ cells. Likewise,
GPx activity measured with H2O2 as substrate was not affected
by deletion of GPx4 and completely reflected GPx1 protein
expression (data not shown). Hence, we conclude that
other GPx members neither contribute to the observed pheno-
typic changes in GPx4/ cells nor compensate for GPx4
deficiency.
Cell Death Requires Functional 12/15-Lipoxygenase
Intrigued by our finding that lipid peroxidation was a very early
and critical event, we became interested in the source of lipid
peroxidation. Lipoxygenases and cyclooxygenases oxygenate
AA at various positions, thereby generating hydroperoxyl inter-
mediates like prostaglandin G2 (PGG2) and hydroperoxyeicosa-
tetraenoic acid (HPETE). Since both types of enzymes must be
oxidized for full activation, GPx4 has been considered to regulate
lipoxygenases and cyclooxygenases by controlling the levels of
cellular peroxides. In order to test this hypothesis, we supple-240 Cell Metabolism 8, 237–248, September 3, 2008 ª2008 ElseviermentedGPx4 null cells with increasing concentrations of specific
lipoxygenase and cyclooxygenase substrates, such as AA and
LA. Eicosapentaenoic acid (EPA), a very poor substrate for en-
zymes, was used as a negative control. While increasing con-
centrations of LA and AA significantly accelerated cell death in
GPx4-knockout cells, EPA had no effect (Figure 4A–4C).
To further dissect which oxygenases are responsible for trig-
gering cell death, we analyzed lipoxygenase and cyclooxyge-
nase expression in this cellular system by semiquantitative
RT-PCR. Besides cyclooxygenase 1 and cyclooxygenase 2, ex-
pression of 5(S)-lipoxygenase, platelet-type 12(S)-lipoxygenase,
and 12/15-lipoxygenase (12/15-Lox; also designated as leuko-
cyte-type12(S)-lipoxygenase) was detectable (Figure S5A). To
identify the enzyme responsible for lipid peroxidation in GPx4-
null cells, cells were cultivated in the presence of various lipoxy-
genase- and cyclooxygenase-specific inhibitors (Figures 4D and
S5B–S5G); cell survival was monitored 48 hr thereafter. The
broad-range cyclooxygenase inhibitor indomethacin did not res-
cue GPx4/ cells, whereas NDGA (nordihydroguaiaretic acid),Inc.
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Conditional GPx4-Knockout MiceFigure 3. Cell Death Is Triggered by Lipid Peroxidation
(A) Lipid peroxidation was measured by the redox-sensitive dye BODIPY 581/591 C11, which integrates into biomembranes and shifts its fluorescence from
red (FL2-H) to green (FL1-H) upon oxidation. Flow-cytometry analysis showed marked oxidation of the dye already 24 hr after Cre activation (abbreviations:
UL = upper left; LR = lower right).
(B) Staining of cells with the soluble redox-sensitive dye CM-H2DCFDA revealed substantial accumulation of oxygen radicals.
(C) PI staining revealed cell death only 48 hr after GPx4-knockout induction by Tam. Lipid peroxidation, accumulation of soluble ROS, and cell death could be
prevented by a-Toc.a general lipoxygenase inhibitor, prevented cell death. AA861,
a 5-lipoxygenase and 12/15-Lox inhibitor (Li et al., 1997), res-
cued GPx4-knockout cells already at nanomolar concentrations,
while caffeic acid and MK886, both 5-lipoxygenase-specific in-
hibitors, were ineffective. Baicalein, and in particular the 12/15-
Lox-specific inhibitor PD146176 (Figures 4D and S5H), were
highly protective, suggesting that increased 12/15-Lox activ-
ity—but not cyclooxygenase and 5-lipoxygenase activities—
caused detrimental lipid peroxidation, and thus, cell death.Cell MTo confirm that GSH acts upstream of GPx4 and 12/15-Lox,
wild-type cells were depleted of endogenous GSH by L-buthio-
nine sulfoximine (BSO), a highly specific and irreversible inhibitor
of g-GCS. GSH deprivation caused massive cell death, which
could be entirely prevented by a-Toc or PD146176, as already
observed in GPx4/ cells (Figure 4E). To further corroborate
that 12/15-Lox is indeed the central mediator of cell death either
in GPx4-deficient or GSH-depleted cells, MEFs were isolated
from 12/15-Lox control and 12/15-Lox-knockout embryos. Asetabolism 8, 237–248, September 3, 2008 ª2008 Elsevier Inc. 241
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Conditional GPx4-Knockout MiceFigure 4. Induction of Cell Death Requires Functional 12/15-Lox
(A and B) Increasing concentrations of AA and LA aggravate cell death. The number of viable cells was determined 36 hr after Tam treatment.
(C) EPA served as control and did not have an effect on cell death.
(D) The 12/15-lipoxygenase-specific inhibitor PD146176 efficiently prevented cell death in GPx4-deficient cells.
(E) GSH depletion by BSO (20 mM) in wt MEFs caused cell death, which could be rescued by a-Toc (1 mM) and PD146176 (1 mM).
(F) 12/15-Lox-knockout MEFs are highly resistant to GSH depletion induced by BSO treatment. Error bars represent SD.illustrated in Figure 4F, 12/15-Lox/ cells were in fact highly
resistant to the effects of GSH depletion, demonstrating that
the cell-death progression downstream of GSH and GPx4
requires functional 12/15-Lox.
GPx4 Disruption Causes Neurodegeneration
Since neurons are particularly vulnerable toward oxidative stress
and oxidative stress substantially contributes to neurodegenera-
tive diseases, we addressed if the identified pathway applies
also to neurons. To this end, we generated neuron-specific
GPx4-knockout mice usingCamKIIa-Cre transgenic mice, which
express Cre preferentially in cerebral cortex and hippocampus
(Casanova et al., 2001). Immunoblotting showed decreased
GPx4 levels in brain tissue already at postnatal day 8 (P8)
(Figure 5A). From P8 onward, weight gain of neuron-specific
GPx4-knockouts ceased, although they were apparently nor-
mally groomed and fed by their mothers. Normal postnatal242 Cell Metabolism 8, 237–248, September 3, 2008 ª2008 Elsevierdevelopment—as judged by hair growth, eye opening, and leav-
ing the nest—was not retarded. At P10, neuron-specific GPx4
null mice exhibited an atactic gait. By P12, a hyperexcitable phe-
notype was evident, i.e., the pups apparently suffered seizures
when touched by littermates. Interestingly, mutant mice stereo-
typically delved into the bedding vertically, and mutant pups had
to be euthanized no later than by P13. Histological analyses were
performed to assess hippocampal formation and neuronal
damage in P13 mice. As illustrated in Figure 5A, Nissl staining
revealed damaged and pyknotic cells in the pyramidal layer of
the CA3 region in GPx4-deficient animals. This was confirmed
by immunostaining against NeuN, a nuclear panneuronal marker
in mice, which was lost in the CA3 region. The degeneration in
this region was further reflected by increased expression of
GFAP, a marker for reactive astrogliosis, and TUNEL (terminal-
dUTP-nick-end-labeling)-positive nuclei along the pyramidal
cell layer. More specifically, parvalbumin-positive cells were
largely lost from CA3 and the dentate gyrus. This finding wasInc.
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Conditional GPx4-Knockout MiceFigure 5. Neurodegeneration in the Hippocampus of CamKIIa-Cre; GPx4fl/fl Mice
(A) GPx4 protein levels are reduced in brains ofCamKIIa-Cre; GPx4fl/fl mice (ko) at P8, P10, and P12. Nissl staining revealed marked thinning of the pyramidal layer
in CA3 (arrows) in the hippocampus of ko mice at P13, as compared to control mice (wt). Higher power magnification revealed pyknotic cells and fragmented
nuclei in Nissl-stained serial sections. Expression of NeuN is lost in CA3 pyramidal cells (arrows). Most parvalbumin (PV)-expressing interneurons are lost in
the CA3 region and the dentate gyrus of ko mice (arrows). GFAP immunohistochemistry showed massive astrogliosis in the CA3 region of the hippocampus.
TUNEL labeling revealed enhanced cell death in the pyramidal cell layer of the CA3 region (arrows).
(B) Cellular viability and cell death was measured by the MTT and LDH, respectively. When a-Toc was withdrawn from the cell-culture medium, ko but not control
neurons died after 7 days in culture. ***p < 0.001, Student’s test versus a-Toc treated CamKIIa-Cre; GPx4fl/fl neurons. Scale bars represent 200 mm (left panel and
TUNEL). Scale bars represent 50 mm (right panel except TUNEL). Error bars represent SD.in marked contrast to the apparently normal expression of
calbindin and calretinin (data not shown). Astrogliosis, TUNEL-
positive nuclei, and loss of parvalbumin-expressing cells were
also common findings in the somatosensory cortex of GPx4
null brain (not shown). Since parvalbumin-expressing cells repre-
sent a large fraction of cortical inhibitory interneurons, theCell Mphenotype of hyperexcitability may be explained by impaired
neuronal inhibition.
To test whether GPx4 is also indispensable for neuronal
survival in vitro, we cultured cortical neurons from E15.5
embryos (Figure 5B). After withdrawal of a-Toc, GPx4-deficient
neurons died within 7 days. These results demonstrate theetabolism 8, 237–248, September 3, 2008 ª2008 Elsevier Inc. 243
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Conditional GPx4-Knockout MiceFigure 6. GPx4 Disruption Leads to AIF-Mediated Cell Death
(A) Abolition of GPx4 expression leads to AIF translocation and cell death in GPx4fl/fl but not in GPx4+/fl MEFs.
(B and C) siRNA-mediated knockdown of AIF expression prevents cell death in GPx4-deficient cells.
(D) Proposed model for the identified oxidative stress-induced cell-death pathway. Error bars represent SD. Scale bars represent 50 mm.significance of GPx4 also for neuronal survival in vivo and
ex vivo.
Cell Death Is Mediated by AIF
We next investigated the mechanisms by which GPx4 deficiency
triggers cell death. Oxidative stress is a well-known inducer of
cell death; thus, we examined whether phospatidylserine expo-
sure (Annexin V staining), breakdown of mitochondrial mem-
brane potential (Dc), or caspase-3 activation—all hallmarks of
programmed cell death—occurred inGPx4-deficient fibroblasts.
An apoptotic Annexin V-positive and PI-negative cell population
was not detected in GPx4/ cells, but was readily detectable in
control cells in which cell death had been induced by antimycin A
(Figure S6A). As shown in Figure S6B, breakdown of Dc was de-
tected in GPx4-null cells 48 hr after Cre activation, whereas the
downstream effector caspase-3 was not active in these cells
(Figure S6C). Accordingly, the pancaspase inhibitor Z-VAD did244 Cell Metabolism 8, 237–248, September 3, 2008 ª2008 Elseviernot rescue cell death after GPx4 inactivation (Figure S6D). We
then asked whether cell death induced by GPx4 depletion can
be rescued by Bcl-2 overexpression (Hockenbery et al., 1993).
As illustrated in Figure S6E, Bcl-2 overexpression did not rescue
GPx4/ cells from cell death. We thus conclude that no hall-
marks of classical apoptosis can be detected in GPx4/ cells.
Another mitochondria dependent, but caspase-3 independent
cell-death pathway, involves the translocation of AIF (Modjtahedi
et al., 2006; Susin et al., 1999). Upon proteolytic cleavage, AIF re-
locates from the inner mitochondrial membrane to the nucleus
and induces large-scale DNA fragmentation and cell death. As
illustrated in Figure 6A, AIF translocation from mitochondria
was detected in GPx4/ but not in heterozygous control cells.
siRNA-mediated knockdown of AIF expression robustly pre-
vented GPx4/ cells from cell death (Figures 6B and 6C),
showing that AIF plays an important role for the observed cell
death-inducing pathway.Inc.
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Conditional GPx4-Knockout MiceDISCUSSION
Since its emergence as one of the most significant enzymes
within the antioxidant network, we have speculated that mam-
malian GPx4 could function as a redox sensor. To address this
hypothesis, we created in vitro and in vivo systems with inducible
disruption of GPx4. In GPx4-knockout cells, we identified lipid
peroxidation as the key mediator of cell death, which can be
efficiently prevented by a-Toc but not by water-soluble antioxi-
dants. We envisaged hydroperoxy-intermediates of the AA me-
tabolism as a putative source for the detrimental accumulation
of lipid peroxides. GPx4 has been shown to govern lipoxygenase
and cyclooxygenase activities; however, previous reports
propose a rather general antagonizing role for GPx4 toward
AA-metabolizing enzymes (Chen et al., 2003; Imai et al., 1998;
Schnurr et al., 1996; Sutherland et al., 2001) and did not establish
a link between GPx4, deregulated AA metabolism, and cell
death. We show that 12/15-Lox inhibitors, in particular the spe-
cific inhibitor PD146176 (Sendobry et al., 1997), efficiently pro-
tected GPx4-deficient cells from cell death, while inhibitors
against other enzymes were ineffective. Since oxidative stress-
induced cell death appeared to be regulated specifically by
GPx4 and 12/15-Lox, we concluded that cells lacking 12/15-
Lox may be more resistant to the effects of GSH depletion. In-
deed, 12/15-Lox-knockout cells were not affected by GSH dep-
rivation, showing that cell death induced by GSH depletion or
GPx4 inactivation requires functional 12/15-Lox. Due to the im-
plications of 12/15-Lox in tissue development and pathophysiol-
ogy of various complex disorders, 12/15-Lox has taken center
stage within the lipoxygenase family. For instance, the extent
of atherosclerotic lesions in atherosclerosis-prone ApoE-defi-
cient mice was greatly reduced in compound mutant mice also
lacking 12/15-Lox (Funk and Cyrus, 2001), resulting from de-
creased levels of oxidized low-density lipoproteins. In a model
of transient cerebral ischemia, inhibition of 12/15-Lox by baica-
lein protects against ischemia/reperfusion injury of neuronal
cells to an extent similar to that in 12/15-Lox-knockout mice
(van Leyen et al., 2006).
Intrigued by the finding that 12/15-Lox is involved in ischemia/
reperfusion injury, we asked whether the identified pathway also
contributes to neuronal degeneration. In fact, GPx4-deficient
neurons can be efficiently protected by a-Toc ex vivo, indicating
that this cell death-inducing pathway also occurs in neurons.
Moreover, neuron-specific GPx4-knockout mice are born at
the expected Mendelian ratio, but develop marked neurodegen-
eration in the CA3 region of the hippocampus and in the cortex,
coinciding with apparent hyperexcitability and disorientation.
The fact that massive cell death is observed mainly in the CA3
region may be due to the expression of Cre in CamKIIa-Cre
mice starting in CA3 from there spreading to CA1 (Casanova
et al., 2001).
To further dissect whether lipid peroxidation has a general
adverse effect on cell viability or triggers a specific cell death-
inducing signaling cascade, we investigated various proapop-
totic parameters. Unlike in classical apoptosis, Annexin V-posi-
tive, PI-negative cells revealing phosphatidylserine exposure
could not be detected in GPx4-null cells nor could cell death
be prevented by overexpression of Bcl-2. Likewise, caspase-3
activation was not detectable nor could cells be rescued byCell Mthe pancaspase inhibitor Z-VAD. Another mitochondria-depen-
dent but caspase-independent cell-death pathway involves relo-
cation of AIF from mitochondria to the nucleus (Modjtahedi et al.,
2006), which was detected in GPx4-deficient cells. Knockdown
of AIF prevented cell death, further highlighting the crucial role
for AIF in this oxidative stress-induced cell-death pathway.
This finding is in line with the initial characterization of AIF as
a proapoptotic family member (Susin et al., 1999). Of note,
Harlequin mutant mice, with around 20% residual AIF levels, dis-
play smaller infarct size compared to wild-type counterparts
when challenged with cerebral hypoxia. Also, neuronal cell death
induced by oxygen-glucose deprivation or glutamate treatment
is attenuated by AIF knockdown (Culmsee et al., 2005).
The accumulation of detrimental amounts of ROS and aber-
rant cell death is common in the etiology of many complex
(age-related) diseases. Hence, the identification of this distinct
proapoptotic signaling cascade, converting oxidative stress via
the GSH/GPx4 system into a 12/15-lipoxygenase-dependent
lipid peroxide signal that finally activates AIF (Figure 6D), opens
interesting cues to systematically explore the benefit of redox-
targeted therapeutic interventions in the cure of degenerative
conditions.
EXPERIMENTAL PROCEDURES
Conditional Disruption of GPx4 in Mice
Plasmids pMC42 and pMC45, both containing the GPx4 gene locus either as
a SalI or NotI fragment, respectively, were used (Conrad et al., 2005). First,
a BamHI fragment isolated from pMC45, including the right arm for homolo-
gous recombination, and parts of the exon-intron GPx4 structure were sub-
cloned into the BamHI site of pBlueskript SK+ (Stratagene, Inc.) (pMC46).
This fragment was subsequently transferred via BamHI into pPNT4, a vector
containing a frt-flanked neomycin phosphotransferase (neo) gene and one
loxP site (Conrad et al., 2003) (pPNT4.1). pPNT4.1 was partially digested with
AflII and BamHI, filled in with Klenow, and religated. This placed the neo cas-
sette approximately 500 bp downstream from exon 7 (pPNT4.7). To generate
the left arm for homologous recombination, including the insertion of the loxP
site between exon 4 and exon 5, several consecutive cloning steps were
necessary. First, a linker including a loxP site (HpaloxBsm-a: 50-aacaagctta
taacttcgtatagcatacattatacgaagttattg-30; HpaloxBsm-b: 50-aataacttcgtataatg
tatgctatacgaagttataagcttgtt- 30) was inserted into the HpaI and BsmI sites of
pMC46 to generate pMC46.1. Next, the HindIII site adjacent to the loxP site
in pMC46.1 was deleted by partial restriction digest and filled in with Klenow
to generate pMC46.2. A HindIII/HpaI fragment of pMC42, including the left
arm for homologous recombination and parts of the GPx4 gene, was cloned
into pBluescript SK+ using EcoRV and HindIII (pMC38). The left arm was com-
pleted by transferring a SbfI/AflII (blunt-ended) fragment from pMC46.2 into the
SbfI/XbaI (blunt-ended) sites of pMC38 to yield pMC38.1. The left arm was iso-
lated from pMC38.1 with SalI and NotI (partial restriction digest) and cloned into
the same sites of pPNT4.7 to generate the targeting vector pPNT4.8.
Gene targeting in E14 ES cells was carried out as described (Conrad et al.,
2004). ES cell clones with successful homologous recombination arose at a fre-
quency of 4% when tested with the external probe pMC50. Additional integra-
tion sites were excluded by Southern blot analysis using a neo-specific gene
probe. Backcross of chimeric animals to C57BL/6 mice, produced upon mi-
croinjection of ES cell clones into C57BL/6 blastocysts, gave rise to germline
transmission of the loxP flanked (floxed, fl) GPx4 allele.
Flp Recombinase-Mediated Removal of the Neo Gene,
Cre Recombinase-Mediated Deletion of the loxP-Flanked
GPx4 Allele, Genotyping, and Maintenance of Mice
Flp-mediated removal of the neo gene was achieved by breeding floxed GPx4
mice with mice expressing Flp recombinase (Dymecki, 1996). Approximately
25% of offspring carrying the Flp transgene and the floxed GPx4 alleleetabolism 8, 237–248, September 3, 2008 ª2008 Elsevier Inc. 245
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using primers PFforw1 (50-ACTCCCCGTGGAACTGTGAGCTTTGTGC-30) and
PFrev1 (50-GGATCTAAGGATCACAGAGCTGAGGCTGC-30). Positive mice were
subsequently crossed to C57BL/6 mice to select for mice with germline dele-
tion of the neo gene. Then, mice with deletion of the neo gene were crossed to
congenic C57BL/6 Cre-deleter mice, resulting in deletion of the floxed allele
(Schwenk et al., 1995). Mice with either the floxed or the deleted GPx4 allele
were backcrossed and maintained on a C57BL/6 background.
To facilitate genotyping of mice, primer pairs were designed for detection of
WT and floxed (PFforw1/PFrev1) or deleted GPx4 alleles (GPx4I5forw1: 50-
GTGTACCACGTAGGTACAGTGTCTGC-30/PFrev1).
GPx4 was specifically deleted in neurons using CamKIIa-Cre mice, kindly
provided by Gu¨nther Schu¨tz (German Cancer Research Center, Heidelberg,
Germany) (Casanova et al., 2001). First, GPx4fl/fl mice were crossed with Cam-
KIIa-Cre transgenic mice. Subsequently, CamKIIa-Cre; GPx4+/fl and GPx4fl/fl
mice were mated to yield neuron-specific CamKIIa-Cre; GPx4fl/fl-knockout
mice.
12/15-lipoxygenase-knockout mice (strain name: B6.129S2-Alox15tm1Fun/J;
stock number: 002778) were obtained from the Jackson laboratory (Bar
Harbor, Maine) (Sun and Funk, 1996).
Mice were kept under standard conditions with food and water ad libitum
(Altromin GmbH, Lage, Germany). All animal experiments were performed in
compliance with the German animal welfare law and have been approved by
the institutional committee on animal experimentation and the government
of Upper Bavaria.
RNA Isolation, cDNA Synthesis, and Quantitative RT-PCR (qRT-PCR)
Isolation of RNA and reverse transcription was carried out as described
(Moreno et al., 2003). The following primer pairs were used for RT-PCR; GPx4:
GPx4 A (50-GCAACCAGTTTGGGAGGCAGGAG-30) and B (50-CCTCCATGGGA
CCATAGCGCTTC-30); 5-Lox (NM_009662): 5-Lox A (50-AGAACCTGGAGGCC
ATCGTCAGC-30) and B (50-GCACCAGCTGCAGGAAGATCGAC-30); 12-Lox
(NM_007440): 12-Lox A (50-TCCAACTGCAGGAGCTCCAATTCC-30) and B (50-
CGCCTCCACCTGTGCTCACTACC-30); epid12-Lox (NM_145684): epid12-Lox
A (50-CCGCGAGGTCACTGAGGTTGGAC-30) and B (50-GGCAAGGCAACGAG
TCCACAATG-30); 12/15-Lox (NM_009660): 12/15-Lox A (50-CACTGCGCAGC
ACTCTTCCATCC-30) and B (50-CACCATAACAGCCTGGCGTCTGC-30); 8-Lox
(NM_009660): 8-Lox A2 (50-TCCGTTCTGATGCCTGGTTCTGC-30) and B2 (50-
GTCAAGGCAGCGAGGCCAACC-30); Cox1 (NM_008969): Cox1 A (50-GCACTG
GTGGATGCCTTCTCTCG-30) and B (50-CTGGCACTTCTCCAGCAGCAACC-30);
Cox2 (NM_011198): Cox2 A (50-TGGAGCCCGTGCTGCTCTGTC-30 ) and B (50-
GCCTGGCAAGTCTTTAACCTCACAGC-30 ); Aldolase: Aldolase A (50-GGTCAC
AGCACTTCGTCGCACAG-30) and B (50-TCCTTGACAAGCGAGGCTGTTGGC-
30); GPx1 (NM_008160): GPx1 A (50-CGGCACAGTCCACCGTGTATGC-30) and
B (50-CTCCTGGTGTCCGAACTGATTGC-30); GPx2 (NM_030677): GPx2 A (50-
GAGGCAGGGCTGTGCTGATTGAG-30 ) and B (50-CAGGATGCTCGTTCTGCCC
ATTG-30); GPx3 (NM_008161): GPx3 A (50-TGGCTTGGTCATTCTGGGCTTCC-
30) and B (50-TGGGAGGGCAGGAGTTCTTCAGG-30); GPx5 (NM_010343.2):
GPx5 A (50-CCTTCTTGAAGCGTTCTTGTCCTCACC-30) and B (50-GGCTCAGG
TACGCCATGATGTCAG-30); GPx6 (NM_145451): GPx6 A (50-TTCCGTGCAACC
AGTTCGGAAAG-30) and B (50-GGGACTCCATCAGGTCCCACCAG-30 ); GPx7
(NM_024198): GPx7 A (50-GCCTTCCCTTGCAACCAGTTTGG-30) and B (50-GTC
CCATGCTCCCACCACCTTTC-30); S18-RNA (NR_003278): S18-RNA A (50-GGA
CAGGATTGACAGATTGATAG-30) andB (50-CTCGTTCGTTATCGGAATTAAC-30 ).
MEF Cultures
MEF cultures were established from embryos at E12.5 as described previously
(Conrad et al., 2004).
Determination of Cell Numbers and Viability
Cell viability was determined either by trypan blue exclusion or by PI staining
(1 mg/ml). PI-positive cells were quantified by flow cytometry. PI emission
was recorded on channel FL3-H at 661 nm.
Stable Expression of Inducible MERCreMER and eGFP
MEFs carrying either one or two loxP-flanked (floxed) GPx4 alleles were trans-
fected by electroporation with plasmid pCAG-3SIP (a kind gift from
T. Schroeder, Helmholtz Zentrum Mu¨nchen), containing a bicistronic-expres-246 Cell Metabolism 8, 237–248, September 3, 2008 ª2008 Elseviesion cassette expressing MERCreMER (a kind gift from M. Reth, Freiburg,
Germany) (Verrou et al., 1999) or eGFP (Clontech, Mountain View, CA) and
puromycin acetyltransferase.
Lentiviral Addback of HA-Tagged Murine GPx4
and Overexpression of Bcl-2
The GPx4 gene was amplified from murine testis cDNA by RT-PCR using
primers GPx4completefor1 (50-CTGGCAGGCACCATGTGTGCATCC-30) and
GPx4completerev1 (50-AGGCAGCCAGGGTGAAGCTCGAGC-30). The PCR
product was cloned into pDrive according to manufacturer’s instructions
(QIAGEN PCR Cloning Kit). An HA-tag was inserted by PCR at the N terminus
of murine GPx4 by using primers GPx4HAtagfor1 (50-AATTAGCTAGCTACC
CATACGATGTTCCAGATTACG-30) and GPx4E4rev1 (50-CATGTCAAACTT
GACGTTGTAGC-30), yielding pDrive-HA-GPx4. The HA-tagged GPx4 gene
was transferred from pDrive-HA-GPx4 into the lentiviral expression vector
p442-PL1. Bcl-2 was recovered from pBabe-Bcl-2-puro (a kind gift from
Gerard Evan) by EcoRI digestion and cloned into p442-PL1, yielding
p442-Bcl-2-PL1. All cloning steps were confirmed by sequencing.
Lentiviral particles were produced in HEK293 T packaging cells with a third
generation lentiviral packaging system (a kind gift from Tim Schroeder, Helm-
holtz Zentrum Mu¨nchen). Five million HEK293 T packaging cells were simult-
aneously transfected with four plasmids (2 mg pEcoEnv-IRES-puro, 5 mg
pMDLg_pRRE, 10 mg pRSV_Rev, 5 mg p442-PL1) by calcium phosphate trans-
fection. Virus particles were harvested by ultracentrifugation. Pelleted virus
particles were resuspended in medium and stored at 80C. Three-hundred
thousand MEFs were infected in a 3.5 cm cell-culture dish. Infection efficiency
was monitored by fluorescence microscopy and quantification was performed
by flow-cytometry analysis.
Detection of Intracellular ROS and Lipid Peroxidation
Cellular lipid peroxidation was detected by BODIPY staining. One million cells
were loaded with 2 mM BODIPY 581/591 C11 (Invitrogen, Karlsruhe, Germany)
for 60 min. BODIPY emission was recorded on channels FL1-H at 530 nm and
FL2-H at 585 nm. Intracellular ROS levels were detected by DCF staining. One
million cells were loaded with 1 mM CM-H2DCFDA (Invitrogen) for 30 min. Fluo-
rescence was monitored by flow cytometry in which DCF emission was
recorded on channel FL1-H. Data were collected from at least 10,000 cells.
Immunoblotting
Cells were lysed in LCW lysis buffer (0.5% Triton X-100, 0.5% sodium deoxo-
cholate salt, 150 mM NaCl, 20 mM TRIS, 10 mM EDTA, and 30 mM Na-pyro-
phosphate [pH 7.5]), containing a protease inhibitor cocktail (Roche,
Mannheim, Germany). Protein concentration was determined by DC Protein
Assay (BioRad Laboratories, Munich, Germany). Western blotting was per-
formed with a GPx1-specific antibody (ab22604) (Abcam, Cambridge, UK),
3F10 a-HA antibody (Roche, Mannheim, Germany), and a monoclonal peptide
antibody for GPx4. The monoclonal rat antibody 1B4 of IgG1 was raised
against the peptide PQVIEKDLPCYL corresponding to the C terminus of
murine GPx4.
Haematoxylin-Eosin (H&E) Histology of Tissues
Five mm sections of 4% (w/v) paraformaldehyde (PFA) fixed, paraffin-embed-
ded embryos, and brains were stained as described (Conrad et al., 2005).
Immunohistochemistry
Brains were fixed with 4% PFA in 0.1 M sodium phosphate buffer (PB), pH 7.4,
cryoprotected in 30% sucrose in PB, and frozen at 80C. Sections were cut
on a cryostat and collected in PB. The following antibodies were used: calbin-
din, calretinin, parvalbumin (all from Swant, Bellinzona, at 1:2000 dilution), glial
fibrillary acidic protein (GFAP) (Sigma-Aldrich, Taufkirchen, Germany, at
1:1000 dilution), and NeuN (Chemicon, Millipore GmbH, Schwalbach,
Germany, at 1:5000 dilution). Immunoperoxidase staining was performed
with Vector ABC Kit (Vector Laboratories, Inc. Burlingame, CA) and diamino-
benzidine (DakoCytomation, Hamburg, Germany).
TUNEL Staining
Detection of apoptotic cells in situ was performed according to Conrad et al.,
2004.r Inc.
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Mouse primary neurons were prepared from embryonic brains at gestational
day 15 as described (Harms et al., 2000). Cortical hemispheres of individual
embryos were trypsinized in 0.25% solution (Sigma-Aldrich) for 15 min and
subsequently passed through a 1000 ml pipette tip. After counting, the cells
were seeded in poly-L-lysine and collagen-coated 24 well plates (Biochrom,
Berlin, Germany) at a density of 157 3 103 cells/cm2. During the first 3 days,
cells were cultured in B27/Neurobasal (Invitrogen) supplemented with 25 mM
glutamate. The medium was replaced with a self-made B27-like supplement
(based on Brewer et al., 1993) with or without addition of a-Toc (Sigma-
Aldrich). Cultures for individual embryos from the whole litter were done in
triplicate, and each experiment was repeated twice. After 6 days in a-Toc-
free medium, cell death occurred in CamKIIa-Cre; GPx4fl/fl neurons. Lactic
acid dehydrogenase (LDH) activity in the cell-culture supernatant was assayed
photometrically. A standard solution (Greiner Bio One GmbH, Frickenhausen,
Germany) with defined LDH activity was used as reference, and activity was
expressed as units/liter (U/L) supernatant. Mitochondrial conversion of
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT, Sigma-
Aldrich) was used to assess cell viability. MTT conversion was quantified
photometrically at 560 nm.
Immunocytochemistry
Immunocytochemistry was performed in PFA-fixed cells, as described
previously (Culmsee et al., 2005), using AIF D-20 (2 mg/ml; sc-9416; Santa
Cruz Biotechnology, Santa Cruz, CA). Pictures were recorded by confocal
microscopy.
siRNA-Mediated Knockdown of AIF
Three-hundred thousand GPx4/ MEFs were transfected with 0.2 nmol
siRNA (control siRNA: 50-AAGAGAAAAAGCGAAGAGCCA-30; AIF-12: 50-ACA
GAGAAGAGCCAUUGCC-dTdT-30; AIF-22: 50-AUGUCACAAAGACACUGCA-
dTdT-30) and Lipofectamine 2000 (Invitrogen) in the presence of a-Toc. Trans-
fection was performed for 5 hr at 37C. The lipofection procedure was
repeated the next day in order to increase transfection efficiency. Twenty-
four hours after the second transfection step, a-Toc was omitted from the
medium, and the number of viable cells was determined 24 hr later.
Annexin V Staining
Cells were stained with FITC-Annexin V (BD Biosciences, Heidelberg,
Germany) and PI as described in manufacturer’s instructions. Antimycin A
(Sigma-Aldrich) was used as a positive control to induce apoptosis in control
cells. Samples were assayed by flow cytometry, in which FITC-Annexin V
and PI staining were recorded on channels FL1-H and FL3-H, respectively.
Determination of Mitochondrial Membrane Potential (Dc)
Breakdown of mitochondrial membrane potential (Dc) was detected by DiOC6
staining (Invitrogen). One million cells were loaded with 40 mM DiOC6 for
30 min. Fluorescence was monitored by flow cytometry, and DiOC6 emission
was recorded on channel FL1-H. Data were collected from at least 10,000
cells.
Detection of Activated Caspase-3
Caspase-3 activation was determined by FACS analysis with a phycoerythrin
(PE)-conjugated antiactive caspase-3 antibody (BD Biosciences). Cells were
fixed and permeabilised in BD Cytofix/Cytoperm solution (BD Biosciences)
for 20 min at 4C. Cells were washed with BD Perm/Wash buffer (BD Biosci-
ences), resuspended in PBS containing 0.1 mg/ml MOPC-21 (Sigma-Aldrich)
and incubated for 5 min. Subsequently, cells were incubated with PE-conju-
gated anti-active caspase-3 antibody or PE-conjugated IgG2b isotype control
(BD Biosciences) for 20 min at 4C. Cells were washed with BD Perm/Wash
buffer and resuspended in PBS containing 1% FCS. Samples were applied
to a flow cytometer, in which PE emission was recorded on channel FL2-H.
Measurement of Glutathione Peroxidase Activity
Determination of glutathione peroxidase activity was performed as described
(Flohe and Gunzler, 1984).Cell MSUPPLEMENTAL DATA
Supplemental Data include six figures and can be found online at http://www.
cellmetabolism.org/cgi/content/full/8/3/237/DC1/.
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